ABSTRACT. In this study we demonstrate that the PEC performance of BiVO4 photoanodes can be improved by the deposition of a MnPi catalyst layer. We investigated the electronic structure of the layer using in situ soft X-ray absorption spectroscopy (XAS) at the Mn L-edge upon varying the applied potentials and the illumination conditions. Using the linear combination method, information on different Mn species and Mn oxidation states were obtained. We found that the charge transfer at the MnPi / electrolyte interface is affected by band bending related to the applied and the built-in potential. With increasing potential the electronic properties of the MnOx layer and 2 its structure are changing, leading to a birnessite-type layer structure associated with an electron transfer from the MnPi film to the BiVO4 photoanode. The present work should benefit the potential applications of other oxygen evolution catalysts (OECs) on photoanodes.
INTRODUCTION
Photoelectrochemical (PEC) water splitting is a potentially scalable method to store solar energy in the form of renewable hydrogen fuels. 1 The overall water splitting reaction is a thermodynamically uphill reaction (∆G=237 kJ/mol, equivalent to 1.23 eV) which involves multiple electron transfer processes: the two-electron reduction of water to hydrogen and the fourelectron oxidation of water to oxygen. 2 Water oxidation has been recognized as the bottleneck for the water splitting reaction due to the large endothermicity of the reaction. BiVO4 has recently emerged as one of the most promising photoanode materials for the generation of dioxygen from water due to its favorable optical band gap (~2.4 eV for the monoclinic phase), 4 favorable conduction and valence band edge positions, and relatively high chemical stability in near-neutral aqueous environments. Moreover, it is non-toxic, relatively abundant and can be easily produced on a large scale at low cost. 5 However, without modifications, it suffers from poor electron transport properties and modest catalytic activity. More recently, surface recombination was identified as an even more important performance bottleneck than slow surface reaction kinetics. 6 Loading co-catalysts on BiVO4 photoanodes was previously found to be an effective way to improve the photocurrents and reduce the onset potentials. The investigated co-catalysts include CoOx, 7 cobalt borate (CoBi), 8 cobalt phosphate (CoPi), [9] [10] [11] nickel borate (NiBi), 12 nickel bicarbonate (Ni-Ci), 13 FeOOH, 14 FeOOH/NiOOH 15 and NiOx. 16 For example, Pilli et al. 9 and Jeon et al. 11 found that photo-deposition of CoPi onto BiVO4 results in superior performance for water oxidation. In addition, the onset potential shifts favourably (cathodic) 3 because photo-deposition ensures the selective deposition of CoPi on the photo-active BiVO4 surface sites. Abdi et al. showed an AM1.5 photocurrent of ∼1.7 mA cm −2 at 1.23 V vs. the reversible hydrogen electrode (RHE) for a CoPi modified undoped BiVO4 photoanode, more than double that of the pristine BiVO4. 10 Kim et al. coupled both FeOOH and NiOOH as dual-layer oxygen evolution reaction (OER) catalyst onto porous undoped BiVO4 electrodes and achieved a photocurrent as high as 2.73 mA cm −2 at a potential as low as 0.6 V vs. RHE. 15 Despite these successes, the role of these co-catalysts is not yet fully understood. 4 Co-catalysts may accelerate catalysis of the water oxidation reaction, but could also reduce surface recombination by preventing back-electron transfer or by chemically passivating surface traps. 4, 17 Recent work has
shown that the performance of spray-deposited BiVO4 is indeed limited by surface recombination, not surface catalysis. 6 Understanding the physical and chemical nature of the semiconductor/electrolyte interface, as well as the electronic structure of co-catalyst under in situ conditions, will help to design more effective semiconductor/catalyst systems. 5 Manganese oxides (MnOx) have been widely recognized as promising catalysts for water oxidation. 18, 19 The performance of MnOx catalysts relates to the electronic structure and is affected by the Mn oxidation state, i.e. the Mn-to-O atomic arrangement. 18 The local structure and water oxidation mechanism of MnOx catalysts have been investigated using ex situ electron paramagnetic resonance (EPR) 20 and hard XAS (X-ray Absorption Near Edge Spectroscopy, XANES and Extended X-ray Absorption Fine Structure spectroscopy, EXAFS) 21 analysis. Very recently, Huynh et al. reported an electrodeposited manganese oxide (MnOx or named as MnPi in the present study due to the presence of supporting phosphate buffer electrolyte, methylphosphate (MePi)) which has considerably high intrinsic and functional kinetic stability in acidic electrolytes due to a Mn 3+ disproportionation process. [22] [23] [24] In the past, acidic stable OER catalysts were dominated by oxides containing iridium and/or ruthenium, 16 which are expensive and not scalable.
The acidic stability of an earth-abundant OER catalyst is therefore highly in demand for the overall water splitting reaction. 1 This makes MnPi a promising OER catalyst, since it opens up the possibility of a combination with acidic-stable photoanodes, such as the dominating photovoltaic material, silicon. 23 Huynh et al. studied the water oxidation mechanism of MnPi via electrochemical kinetic experiments and obtained structure information using ex situ X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), X-ray scattering and pair distribution function (PDF) 23 analysis.
Soft XAS is a powerful element-specific method to probe the partially occupied Mn d-orbitals and to reveal detailed information about oxidation state contributions, spin-states and charge transfer. 25, 26 It has been used to study MnOx films under ex-situ conditions. 18, 19, 27, 28 While these studies are undoubtedly useful, questions arise whether the information is relevant for in situ OER conditions. In-situ soft XAS experiments are, however, experimentally highly challenging due to the pressure gap between the soft X-rays required vacuum conditions and the ambient pressure required for the electrolyte solution. The information of the percentage of different Mn oxides under operando conditions as well as metal oxidation state, however, cannot be obtained by X-ray PDF, 23 electrochemistry or ultraviolet and visible (UV-Vis) spectroscopy. In situ near ambient pressure X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique and it can be challenging to obtain reproducible spectra due to the varying thickness of the electrolyte layer and pressure changes within the experimental chamber. 30 Compared to the hard XAS where the transition metal K-edge is probed, soft XAS probes the metal L-edge, which is more favorable for deciphering mixtures of oxidation states due to the narrower natural line widths (Mn K-edge: 1.12 eV; Mn L-edge: 0.32 eV). 29 Thus in order to profit from these advantages of in-situ metal L-edge 5 XAS we developed an in-situ and operando cell which allows to carry out soft XAS during full electrochemical control over the sample.
31,32
Recently, we performed an in situ study of electrodeposited MnPi using soft XAS. 31 reported. 33 The powers of the Bi and the V target were fixed at 40W and 450W, respectively.
Before starting the deposition, the substrates were heated to the preset temperature. 6 min deposition yielded a film thickness of approximately 220 nm. After deposition, the films were annealed in air at 500 °C for 2 h in a muffle furnace using a heating ramp of 10 K/min.
Electrodeposition of MnPi.
All electrochemical experiments for deposition, PEC and XAS tests were performed using CHI6016E working station (CHI Instruments) or EmStat3+ Electrodeposition was carried out at 1.46 V for 1-40 min without stirring and no iR compensation.
We found that the maximum photocurrent density is achieved for BiVO4/FTO substrate when the electrodeposition time is 5 min. In order to get a better signal-to-noise ratio, the deposition time The details of the DEMS can be found in previous published works. 34, 35 The inlet system between the electrochemical cell and the differential pumped vacuum system of the mass spectrometer (Balzers; QMI 420, QME 125, QMA 125 with previously reported for their thick electrodeposited manganese oxide films. 23, 24 The morphology of MnPi on the BiVO4 photoanode differs from that of MnPi on FTO which showed an amorphous thin film as we previously reported. 31 This difference is most likely due to the different potentials applied for deposition. In the present study, we used 1.46 V while in our previous study 1.05 V vs RHE was used. 31 The reason for using a higher potential is that we found a much slower deposition rate on BiVO4 photoanode compared to FTO. This is probably due to the poorer conductivity of the BiVO4 film compared to the FTO /glass substrate. The X-ray diffraction (XRD) pattern of the BiVO4 film is shown in Figure S2 . All diffraction peaks of the BiVO4 film can be correlated to a monoclinic BiVO4 cell (JCPDS no. 14-0668). The composition of film after MnPi deposition is shown in Figure S1b . The energy-dispersive X-ray spectroscopy (EDS) spectrum and the quantitative results clearly show the presence of Mn but no or only negligible P in the film.
However, the presence of phosphate ions during electrodeposition is important because the resulting films deposited in the absence of MePi buffer solution are less active and have higher Tafel slopes. 23 The phosphate ions, not being a crucial part of the structure of the catalyst, most likely play an important role as proton-accepting base. Figure 2 shows the PEC activities of the pristine and the MnPi modified BiVO4/FTO photoanode. It can be seen that the photocurrent is improved after MnPi modification. Specifically, the photocurrent density of the MnPi modified BiVO4 photoanode is 0.62 mA cm -2 at 1.23 V while that of the pristine is 0.48 mA cm -2 , which corresponds to a 29 % improvement. Possible reasons for the photocurrent enhancement are either surface passivation and/or increasing catalytic activity. Under illumination, the photocurrent onset potential for water oxidation of a MnPi modified photoanode is around 0.40 V. To ensure that the photocurrent is truly correlated with water oxidation, oxygen gas evolved during cyclic voltammetry (CV) was detected using differential electrochemical mass spectrometry (DEMS) (see Figure S3 ). It is found that the amount of oxygen gas generated from the MnPi modified
BiVO4 photoanode was increased after MnPi deposition, which is consistent with our photocurrent improvement. 2. In Situ XAS Analysis. In situ XAS measurements were carried out on the MnPi film deposited on a BiVO4/Au/Si3N4 photoanode under different potentials and illumination conditions in a 0.1
M potassium phosphate (KPi) buffer solution (pH7.0) with 2.0 M KNO3 added (see Figure 3) . A pH value of 7.0 was chosen for these measurements due to a better stability of the XAS cell under neutral pH conditions. 32 Under these conditions of X-ray irradiation, white light illumination and applied potential, the MnPi-modified BiVO4 is relatively stable (see Figure S4 ). It also can be seen that the photocurrent density of photoanode increases when applying a higher potential (1.61 V).
Systematic beam damage studies were carried out and measurement times on fresh sample spots were reduced such that the sample damage in the here presented Mn L-edge spectra is considered to be negligible. For detailed analysis previously published manganese oxide reference spectra of MnO (2+), Mn3O4 (2+, 3+), Mn2O3 (3+), birnessite (3+, 4+) and MnO2 (4+) were used and are also shown in Figure 3d and Table S1 . 18, 19, 37 The energetic peak positions and their relative intensities are closely associated with different Mn oxidation states. 18, 19, 37 The Mn L-edge XA spectra of the MnPi modified BiVO4 photoanode show two characteristic broad multiplet structures, L3 and L2 that are separated by spin-orbit coupling. 19 Since it shows the most pronounced changes under varying potential and illumination conditions, we restrict our analysis to the L3-edge. The dotted vertical lines in Figure 3 indicate the peaks where major changes occur upon applying more positive potentials to the electrode. They correspond to different oxidation states of manganese in the oxides as discussed in detail in the literature. 19 We assign the spectral features at 640.6, 642.2 and 643.6 eV to contributions of Mn 2+ , Mn 3+ and Mn 4+ oxidation states, respectively. 19 The sharp peak at 641.2eV is probably associated with birnessite.
In addition, we observed a peak at 639.5 eV, which is most pronounced under dark conditions and is typical for Mn 2+ in MnO (see Figure 3d and Table S1 ).
To display the spectral changes induced by different potentials and illumination conditions more clearly, the differences (Δµ) between the spectra recorded at a certain potential under dark or light conditions (µ) and the OCP under dark spectrum (µOCP) are shown at the bottom of each figure in Figure 4 shows an example of an experimental spectrum together with the best fit from a linear combination of the reference spectra in Figure 3d . In general, the experimental spectra were well reproduced by the linear combination fit. The slight mismatch is attributed to limited experimental resolution and/or incomplete representation of the sample spectra by the reference spectra (i.e., other Mn species or structures may also be present). 43 Table   1 Figure S5 ) Table 1 ). To enable this transformation, an uptake of potassium ions (K + ) from the buffer solution to form the KMn8O16 phase between MnO6 units is necessary. The higher activity towards OER at more positive potentials has previously been attributed to the upward band bending suppresses charge recombination and facilitates photoexcited hole transfer as reported in a previous works based on IR and TAS studies. [39] [40] [41] [42] Our results suggest an alternative explanation, which is that the higher activity is simply caused by an increase in the birnessite content at these potentials. Various forms of birnessite are indeed known to be active OER catalysts 44 and we therefore propose that birnessite, not ordered MnO2, is the active phase for the OER in MnPi.
We further investigated the dynamics of the increase in Mn oxidation state in our MnPi modified BiVO4. Figure 5 shows the temporal evolution of XA spectra of a MnPi modified BiVO4 photoanode at OCP or 1.61 V, both under illumination. At OCP with increasing period of illumination (see Figure 5a) , we can see that the intensity of the peak at 640.6 eV (Mn 2+ species, peak position I) reduces and the intensities of peaks at 642.0 eV (Mn 3+ species) and 643.6 eV (Mn 4+ ) increase (peak position III and V in Figure 5a ). The intensity of peak at 642.7 eV (peak position IV) also increases. At this moment, it is unclear which Mn species it associates to. The intensity of peak at 640.6 eV (Mn 2+ species, peak position I) keeps constant. The overall average oxidation state thus increases with time. This means that at OCP conditions, photo-generated holes oxidize MnPi even without any external potential. Ma et al. 45 found that the transient kinetics of the unbiased BiVO4 film in the absence of scavengers is closest to that observed under modest anodic bias (∼0.6V), indicative of the presence of band bending in the BiVO4 electrode in water without any applied bias or scavengers. The OCP of the BiVO4 photoanode in this study was measured to be around 0.58 V. Thus, we expected similar a band bending in our photoanodes. At 1.61 V and with increasing period of illumination (see Figure 5b) , the intensities of peaks at arrow II, III and IV while the intensities at arrow I and V keep constant. With increasing potential, the course of the curve is approaching the features of the birnessite reference spectrum. At such positive potentials, the transfer rate of the photogenerated holes increases probably due to a reduction of electron/hole recombination losses. 45 This result implies that the electronic structure of the Mn species can be modified upon electron/hole migration between the BiVO4 photoanode and the MnPi film. This time-dependent process can explain the so-called "activation process"
proposed for the MnOx OER catalyst. 45 We confirmed that similar activation did not happen in the dark under the same potential (see Figure S5 ), due to the absence of hole transfer from the BiVO4 photoanode toward the MnPi catalyst layer. The electronic structure changes of MnPi on our BiVO4 photoanode after ~10 min are found to be larger than those observed in other reports on other
MnOx in the literature. 39, 42 This suggests that MnPi is more active than these MnOx phases.
Moreover, in those works, Yoshida et al. found that it took around 2 h to get stable MnOx on a Nb:SrTiO3 photoelectrode under UV illumination. As proposed previously that the rate of structural change of the Mn oxidation correlates with the PEC activity, 39 our results indicate that the photogenerated holes in BiVO4 are very efficiently transferred to the MnPi. We note that our findings differ from an earlier study on MnOx clusters by Hocking et al. 21 Figure S6 ). It was found there is no change in the electronic structure of V under our test conditions. This is not surprising, since the oxidation state of V in BiVO4 is already 5+. 50 This is the highest oxidation state of vanadium and thus insensible to external bias. potential and illumination were revealed. We found that charge transfer of holes into the MnPi layer and to the electrolyte interface is occurring which is enhanced by a band bending in the semiconductor under illumination which is related to an increased potential by a built-in photopotential. We found that photo-generated holes can oxidize the MnPi layer even at OCP, i.e.,
21
without an external potential. With increasing potential the electronic structure of the MnOx layer and its structure are changing to a birnessite-type layer structure associated with electron migration from the MnPi film into the BiVO4 photoanode. The formation of birnessite must be accompanied by the incorporation of K + between the MnO6 layers, leading for example to a KMn8O16 phase.
Our results indicate that photogenerated holes are efficiently transferred to the MnPi film. Based on the above results, a mechanism of the photogenerated carrier transfer from the BiVO4 photoanode into the MnPi film at different potentials is proposed. Based on our results and literature findings, we conclude that Mn 3+ species, not Mn 4+ , in birnessite is the active sites for oxygen evolution reaction. In situ electronic structural study using soft XAS can help to monitor and design more effective semiconductor/catalyst systems.
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